The mechanism of ligand gating in physiologically important cyclic nucleotide-modulated channels is unknown. Results: We constructed and purified a chimeric ion channel with activity modulated by cAMP and used it to measure ligand-binding energetics. Conclusion: cAMP binds with high lipid-dependent affinity to the chimeric channel. Significance: The availability of a good protein preparation enables assays that shed light on ligand gating.
Cyclic nucleotide-gated (CNG) 6 channels and hyperpolarization-activated and cyclic nucleotide-gated (HCN) channels are important in visual and olfactory signaling and pacemaker activity, respectively (1) (2) (3) . Both belong to the S6 superfamily of voltage-gated ion channels (4, 5) . In addition to the four-helix voltage sensor domain and two-helix pore domain of each monomeric subunit, these channels contain a cyclic nucleotide-binding domain (CNBD) at the C terminus, which is connected to the pore-forming S6 helix via a so-called C-linker. The CNBD and C-linkers are conserved within this subfamily of channels (6, 7) . CNG channels are activated by cyclic nucleotides binding to the CNBD and do not respond to membrane voltage changes, despite having a 4-helix voltage sensor domain (1) . In contrast, HCN channels are activated by hyperpolarization (unlike canonical voltage-gated ion channels, which are activated by depolarization (8, 9) ), and their activity is only modulated by binding of cyclic nucleotides to the CNBD (2) .
Binding of cAMP to the CNBD in both CNG and HCN channels is believed to induce a conformational change that promotes channel opening. Current understanding largely derives from electrophysiological experiments on cells heterologously expressing these channels (1, 10) . Recent technical advances in confocal patch clamp fluorometry permit concomitant ligand-binding measurements and current recordings in the same membrane patch, allowing for detailed analysis of binding cooperativity and activation states triggered by partial ligand binding (11) (12) (13) (14) . For example, Kusch et al. (12) provide evidence that HCN2 channels possess alternating cooperative and noncooperative ligand binding behaviors (favoring two or four bound ligands rather than one or three) and are fully activated upon binding of two ligands. Yet the molecular mechanism by which ligand binding to the CNBD changes the closed-open equilibrium (opens the pore) remains unknown.
To acquire further insight into the mechanism(s) of HCN (and CNG) channel gating, we sought to probe the thermodynamics of ligand binding to the purified channel, isolated from other cellular components. This has proven difficult because heterologous expression of eukaryotic CNG and HCN channels so far has yielded insufficient functional protein for biochemical and biophysical studies. Only the cytoplasmic C termini (CNBDs with C-linker) from a few HCN channels have proven amenable to large scale purification and crystallization (15) (16) (17) (18) (19) .
Many prokaryotic potassium channels such as KvAP, KcsA, and MthK have proven to be more manageable targets than their eukaryotic counterparts (20 -23) . MloK1, an HCN channel homolog from Mesorhizobium loti, remains the most promising candidate for biophysical characterization, displaying cyclic nucleotide-dependent ion channel activity when reconstituted into liposomes (24, 25) . MloK1 contains the signature GYG selectivity filter sequence found in HCN channels, but the "voltage sensor domain" lacks the arginine repeats that allow voltage sensing (26) . Crystal structures of the transmembrane and CNBD domains of MloK1 have been determined separately (24, (27) (28) (29) . The transmembrane domain has a structure similar to that of other voltage-gated potassium channels, but the absence of the CNBDs precludes insight into ligand modulation of MloK1. The structures of the isolated MloK1 CNBDs, determined with and without ligand, show that cAMP binding leads to a clamping down of the C-terminal helix over the ligandbinding pocket and repositioning of the N-terminal helix, which in the full-length channel continues with the inner helix of the transmembrane domain (28) . In addition, a 16-Å electron microscopy-derived structure of full-length MloK1 in the presence of ligand reveals a symmetrical arrangement of the CNBDs around the transmembrane domain (30) . Currently, however, a high resolution structure of full-length MloK1 remains elusive, the protein detergent-solubilized is unstable, and binding and activity assays are challenging because of considerable difficulty in removing the ligand (cAMP) as well as protein aggregation at high concentrations. Finally, there have been no reports of successful electrical current measurements from this channel (24, 25) .
To overcome these difficulties and to obtain the desired information about cyclic nucleotide-channel interactions, we constructed a chimeric channel by attaching the CNBDs of MloK1 to the transmembrane domain of KcsA (Fig. 1A) . The design of a conceptually similar chimeric channel (see under "Discussion"), with some functional differences, was reported previously by Ohndorf and MacKinnon (31) . Overexpression and purification of the chimera in this report allow for studies that have proven intractable with the full-length MloK1 pro-tein. We show that the chimeric channel is active and that its activity is modulated by pH in a similar manner to KcsA. In addition, the chimera is modulated by cAMP, albeit only in the presence of protons, suggesting the chimera's response to cyclic nucleotides is similar to that of HCN channels. Using this chimera, we were able for the first time to measure the thermodynamics of cAMP binding to a full-length cyclic nucleotidemodulated channel using ITC. Furthermore, we show that the incorporation of the channel in nanodiscs (also termed nanoscale apolipoprotein-bound bilayers, or NABBs (32, 33) ) leads to a 10-fold increase in the apparent cAMP affinity, as compared with the value obtained in detergent micelles. This affinity increase indicates that cAMP binding can induce a conformational change in the transmembrane domains, which are in direct contact with the lipid bilayer and remote from the CNBDs. At the same time, this conformational change is not sufficient by itself to open the channel, suggesting that the energetic contribution to channel opening from cAMP binding is much less than that from proton binding.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification-DNA for the chimeric gene was generated through ligation of KcsA and MloK1 segments ( Fig. 1A) . The region of overlap between the two segments consists of an RRG sequence contained in residues 121-123 in KcsA and residues 219 -221 in MloK1. The chimeric gene was cloned into the pQE60 (Qiagen) plasmid and contains an N-terminal hexahistidine tag.
Protein expression was induced with isopropyl 1-thio-␤-Dgalactopyranoside at an optical density of 0.8 in transformed BL21 (DE3) cells and grown overnight in LB at 20°C. Pelleted cells were resuspended in a solution of 50 mM Tris, pH 7.5, 100 mM KCl, 200 M cAMP and sonicated in the presence of leupeptin (2 mg/ml), pepstatin (3 mg/ml), and PMSF (0.17 mg/ml) (Roche Applied Science). The resulting slurry was gently shaken for 2 h with 30 mM n-decyl ␤-D-maltopyranoside (DM). The lysate was spun down at 32,000 ϫ g and the supernatant applied over a Ni 2ϩ HiTrap chelating column (GE Healthcare). Protein was eluted with 300 mM imidazole in 20 mM Tris, 100 mM KCl, 5 mM DM, 200 M cAMP, pH 7.6, and further purified over a Superdex 200 10/300 GL gel filtration column (GE Healthcare) using a solution of 20 mM Tris, 100 mM KCl, 5 mM DM, 200 M cAMP, pH 7.6. The protein concentration was calculated using a factor of 0.476 mg/ml chimera for an absorbance unit of 1 at a wavelength of 280 nm as determined with the DC protein assay (Bio-Rad).
cAMP Removal-Tightly bound cAMP was competed off of the chimeric protein with a low affinity analog, as described previously for MloK1 (34) . Protein was reloaded onto a Ni 2ϩ HiTrap chelating column (GE Healthcare) and rinsed with a solution of 20 mM Tris, 100 mM KCl, 5 mM DM, pH 7.6 (Rinse Buffer), to remove free cAMP. The protein was then incubated with Rinse Buffer containing 1 mM 8-(4-chlorophenylthio)guanosine 3Ј,5Ј-cyclic monophosphate (8-pCPT-cGMP) (Sigma) for 30 min, followed by another rinse step, an additional 30-min incubation with 1 mM 8-pCPT-cGMP, another rinse step, an overnight incubation in 10 mM 8-pCPT-cGMP, and a final extensive rinse step using 40 column volumes of rinse buffer.
Protein was eluted with 300 mM imidazole and then dialyzed overnight in Rinse Buffer.
Bilayer Recordings-Chimeric protein for use in bilayer recordings included the construct described above ( Fig. 1A ) and a variant with an E71A mutation, which removes inactivation at the KcsA selectivity filter (35) . Following gel filtration, protein was reconstituted into liposomes as reported previously (36, 37) by mixing a ratio of 5-10 g of protein per mg of lipid with a 3:1 molar ratio of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine to 1-palmitoyl-2-oleoyl-sn-glycero-3phosphoglycerol solubilized in reconstitution buffer (400 mM KCl, 10 mM HEPES, 5 mM N-methyl-D-glucamine, 200 M cAMP) with 34 mM CHAPS, which was subsequently applied over a 20-ml G-50 Sephadex column to remove the detergent. Liposome aliquots in reconstitution buffer were frozen in liquid nitrogen and stored for future use. Thawed liposomes were briefly sonicated prior to use. Bilayers were assembled using a horizontal planar system with two chambers separated by a partition containing a 100-m diameter hole (38) . The bilayer was formed manually by applying 10 mg/ml 3:1 1-palmitoyl-2oleoyl-sn-glycero-3-phosphoethanolamine/1-palmitoyl-2oleoyl-sn-glycero-3-phosphoglycerol in decane over the hole in the partition, and the bilayer formation was monitored electrically using a cycling voltage ramp (39) . The cis chamber was filled with 70 mM KCl, 30 mM KOH, 10 mM MOPS, 10 mM succinic acid, and 10 mM Tris, pH 7. The trans chamber was filled with an identical solution where pH varied between 4 and 5.5. Solutions of varying pH and cAMP concentrations were exchanged through the trans chamber. Currents were recorded in Clampex 10 with an Axopatch 200A, digitized with a Digidata 1322A, and analyzed in Clampfit (Molecular Devices).
Stopped Flow Ion Flux Assay-The thallium flux assay and data analysis were conducted as described previously (40, 41) . The KcsA/MloK1 chimera used in the flux assay was dialyzed further to reduce the imidazole concentration to submillimolar levels and reconstituted into large unilamellar vesicles (LUVs) at a weight ratio of 17 g of protein to 1 mg of lipid in a 3:1 molar ratio of DOPC to 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (Avanti Polar Lipids) in 100 mM KNO 3 , 10 mM HEPES, 10 mM succinic acid, 25 mM aminonaphthalene-1,3,6-trisulfonate (ANTS) (Sigma), pH 7.0, with 14 mM CHAPS. The suspension was sonicated until completely clear, and the detergent was removed through a 2-h incubation with Bio-Beads (Bio-Rad) (1 g of Bio-Beads/35 mg of CHAPS). The protein/lipid mixture was sonicated briefly, siphoned from the Bio-Beads, and extruded 42 times through a 0.1-m polycarbonate filter. The external ANTS was removed over a PD-10 desalting column (GE Healthcare), and the LUVs were eluted in a solution of 140 mM KNO 3 , 10 mM HEPES, and 10 mM succinic acid, pH 7.0. LUVs with different cAMP concentrations were prepared in parallel, and the appropriate cAMP concentrations were maintained in all solutions used during the reconstitution and functional characterization.
ANTS fluorescence quenching in response to thallium influx into the LUVs (through the chimeric channel) was measured using an Applied Photophysics SX.20 stopped-flow spectrophotometer with sequential mixing capability. The excitation wavelength was 352 nm, and the emitted light was recorded using a cutoff filter at 455 nm. Channel activity was determined using a sequential-push mixing sequence, where the LUVs were first rapidly mixed with a solution with a pH and cAMP concentration such that the extravesicular pH and [cAMP] in the mixing chamber had the desired value (40) . After a 100-ms equilibration, the LUVs were mixed with a solution containing 140 mM KNO 3 , 10 mM HEPES, 10 mM succinic acid, and the appropriate cAMP concentration to determine the initial fluorescence level. Then the LUVs were mixed with the quench solution containing 50 mM TlNO 3 , 94 mM KNO 3 , 10 mM HEPES, and 10 mM succinic acid at the desired cAMP concentration and pH. The lipid bilayer has a very low Tl ϩ permeability, and Tl ϩ influx through the open channels caused quenching of the ANTS fluorescence. The fluorescence of the quenched samples was normalized to the initial fluorescence level and fit with a stretched exponential to the first 2-100 ms of the normalized fluorescence quench curve for each sample (41) as shown in Equation 1,
where F(t) is the fluorescence at time t; 0 is a coefficient with units of time, and ␤ (0 Ͻ ␤ Յ1) is a measure of the dispersity of LUV size. The rate of fluorescence quenching at 2 ms was then calculated using Equation 2,
and changes in channel function were evaluated as the relative changes in k(2 ms).
Nanodisc Formation-Chimeric channels were incorporated into nanodiscs using a method identical to that previously described for KcsA (33) . For the apolipoprotein, a variant of the pET28 ZAP1 construct, ZAP1NT, in which the N-terminal 50 residues were truncated and a Q22C (Gln-54 in the original ZAP1) mutation added, was used for these experiments as the truncation results in improved yields. The cysteine was introduced for labeling purposes (described below). ZAP1NT was expressed in BL21 (DE3) cells upon induction with 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside at an optical density of 0.8 for 3 h at 37°C in terrific broth media. Centrifuged cell pellets were resuspended in 50 mM Tris, pH 7.5, 1 mM DTT, and 300 mM KCl and then sonicated in the presence of protease inhibitors. 6 M guanidinium chloride was added to the sonicated slurry followed by agitation at room temperature (or 4°C) for 30 min. The lysate was spun down at 32,000 ϫ g, pH adjusted to 7.6 with KOH, and then combined with 4 ml of nickel-nitrilotriacetic acid resin (Invitrogen) and equilibrated with 20 mM HEPES, pH 6.9, 150 mM KCl, and 6 M guanidinium chloride. The resin was washed twice with an equilibration buffer containing 30 mM imidazole and then one more time in equilibration buffer without the imidazole. 0.5 mM tetramethylrhodamine-5-maleimide was added to the ZAP1NT nickel-nitrilotriacetic acid slurry and allowed to incubate at 4°C overnight. The ratio of absorbance at 280 nm from the ZAP1NT to the absorbance at 550 nm due to the tag provides a means of separating the 280-nm absorbance signal belonging to the chimeric channel from that of ZAP1NT in the final channel-containing nanodisc, as described previously (32, 33) . Following the over-night incubation, the reaction was stopped with 1 mM DTT, and the resin was rinsed with 10 column volumes of the equilibration buffer. The protein was then refolded using 5 column volumes of 3 M guanidinium chloride-containing buffer followed by 10 column volumes of guanidinium chloride-free buffer. The labeled ZAP1NT then was eluted with guanidinium chloridefree buffer containing 300 mM imidazole. Protein was further purified over a 16/600 Superdex 200 column (GE Healthcare), frozen in liquid nitrogen, and stored at Ϫ80°C until needed.
Nanodiscs were formed by mixing the chimeric protein and labeled ZAP1NT with a solution of 100 mg/ml 1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine, 100 mg/ml CHAPS, 20 mM HEPES, and 100 mM KCl, pH 7.5, in molar ratios of 2:1:45 and 1:1:15 (channel/ZAP1NT/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine). The latter molar ratio yielded fewer liposomes, but both preparations gave the same ITC results. After incubation for 30 min at room temperature, the mixture was centrifuged for 1 min at 2000 ϫ g, run over a detergent removal column (Pierce) equilibrated with 20 mM Tris, 100 mM KCl, pH 7.6, dialyzed in 10 mM HEPES, 100 mM KCl, pH 7.5, and further purified on a Superdex 200 10/300 GL (GE Healthcare) gel filtration column. The nanodiscs were further analyzed by application to a Superose 6 (GE Healthcare) column to confirm the absence of aggregates and liposomes. The concentration of chimeric channel protein was determined by multiplying the 550-nm absorbance of the chimera-containing nanodisc by the 280:550-nm absorbance ratio of the labeled ZAP1NT protein and subtracting this value from the 280-nm absorbance of the chimera-containing nanodisc.
Isothermal Titration Calorimetry-Data were collected using a MicroCal AutoITC200 (GE Healthcare). cAMP was removed from the chimera as described above, and either dialyzed in 10 mM HEPES, 100 mM KCl, 5 mM DM, pH 7.5, or incorporated into nanodiscs, as described above, and dialyzed in 10 mM HEPES, 100 mM KCl, pH 7.5. The cAMP ligand used in the ITC experiment was dissolved in dialysis buffer. Data were collected at 25°C. The protein was loaded into the calorimeter at a concentration of 80 -157 M and titrated with 1-2-l injections of 600 -1200 M cAMP in dialysis buffer until saturation occurred. Control experiments in which cAMP was injected into protein-free dialysis buffer or into dialysis buffer containing an equivalent concentration of empty nanodiscs were performed to ensure the recorded heats were channel-dependent. The results were analyzed using the Origin Software (Micro-Cal) from which the binding stoichiometry (n), enthalpy change (⌬H), and equilibrium dissociation constant (K D ) were determined by fitting a one-site model to the results (unless stated otherwise). The reported results are the average and standard deviation of six separate ITC runs of the nanodisc preparation from six independent purifications and five separate runs of the detergent preparation from three independent purifications (Table 1) .
RESULTS

Construction of the KcsA/MloK1
Chimera-The KcsA/ MloK1 chimera was designed to have a sequence overlap between the C-terminal end of transmembrane helix 2 of KcsA and helix AЈ of the MloK1 CNBD consisting of the RRG sequence that is common to both KcsA and MloK1 (see under "Experimental Procedures"). Thus, in the final protein construct, the CNBDs of MloK1 replace the C-terminal cytoplasmic coiled-coil of KcsA, retaining residues previously found to be involved in H ϩ sensing ( Fig. 1A) (42, 43) . In the presence of cAMP, the purified protein elutes as a single peak on a gel filtration column at a retention volume of 12.1 ml ( Fig. 1B) , roughly corresponding to the molecular weight of the tetramer. Similar to KcsA, the chimeric channel remains a tetramer when assayed by SDS-PAGE in the absence of heating, suggesting that the CNBDs do not disrupt the robust KcsA tetramer assembly. After incubation at 95°C for 5 min, the tetrameric assembly disassociates into monomers when assayed by SDS-PAGE ( Fig. 1B) .
KcsA/MloK1 Chimera Behaves Like KcsA in Single-channel Recordings-We first tested whether the KcsA/MloK1 chimera is a functional ion channel in lipid bilayers. One aspect of the rationale for designing the chimera to include the transmembrane scaffold of KcsA was the potential to assay protein function at the single-molecule level with electrophysiological recordings.
With this construct, we could indeed record KcsA-like K ϩ currents from chimera-reconstituted proteoliposomes incorporated in horizontal lipid bilayers ( Fig. 2A) . Channel openings were observed at an intracellular solution of pH 4 but not pH 7, consistent with the known proton-dependent activity of KcsA. Moreover, the channels display a single-channel current-voltage (I-V) curve similar to that for KcsA (Fig. 2C ). The KcsA/ MloK1 open probability is extremely low, however, suggesting that the chimera, like KcsA, is mostly inactivated at these steady-state recording conditions. This was confirmed upon mutation of a glutamate behind the selectivity filter to alanine (E71A), which removes inactivation in KcsA (35) . This mutation also removes inactivation in the KcsA/MloK1 chimera (Fig. 2B) . The apparent pK a of the noninactivating KcsA/ MloK1 chimera is ϳ5, similar to the noninactivating E71A KcsA (43) . These results indicate that the KcsA/MloK1 chimeric channel has preserved the ion conduction, H ϩ activation, and inactivation properties of KcsA, despite the absence of the C-terminal coiled-coil domain of KcsA. This suggests that this domain has little effect on the H ϩ -dependent activation and inactivation gates or on K ϩ ion conduction through the open channel.
Multiple perfusions destabilize the bilayer, complicating the study of the cAMP effect on the KcsA/MloK1 chimera at the single-channel level. An example of the effect of cAMP on the noninactivating KcsA/MloK1 channel using this method is shown in Fig. 2B . Addition of saturating concentrations of cAMP to the intracellular side of the noninactivating chimeric channels produces a 2-3-fold increase in channel open probability in ϳ75% of the experiments, but the effect is not reversible. To remove the variability intrinsic to single-molecule measurements and to ascertain whether this chimera was indeed modulated by cAMP, we employed an ensemble-based channel activity assay.
KcsA/MloK1 Chimera Is a K ϩ Channel Modulated by pH and cAMP-To explore whether cAMP binding leads to channel activation, we used a stopped flow spectrofluorometric assay Using this assay, we found that the KcsA/MloK1 chimera is activated by H ϩ over a similarly acidic pH range as wild-type KcsA despite the truncation of the entire KcsA C-terminal cytoplasmic domain and its replacement with the MloK1 CNBD, similar to our results at the single-channel level (Figs. 2B and 3, A and C). Protein-free control LUVs display zero flux. The chimeric channel is closed above pH 5.5 (Fig. 3, A and C) , again demonstrating that the cytoplasmic C terminus of KcsA is not required for pH sensing, which is in agreement with the conclusions in Refs. 43, 44 but not with those in Ref 45. To examine how cAMP modulates KcsA/MloK1 function, we performed parallel experiments in which the chimera was reconstituted into LUVs in the presence of varying cAMP concentrations on both sides of the membrane, which were main-tained in all subsequent manipulations. At all KcsA-activating pH values, cAMP (at saturating concentrations of 200 M) increases the quench rate ϳ3-fold, suggesting that cAMP increases the KcsA/Mlok1 channel activity (Fig. 3, B and D) . This cAMP-dependent increase in channel activity is similar to the increase in P o we observe at the single-channel level (Fig.  2B) , which was previously observed in flux assays with wildtype MloK1 (24, 25) .
At pH 6 and 7, where no quenching is observed, the addition of cAMP does not increase the quench rate (data not shown). This indicates that the energetic contribution from cAMP binding is smaller than what is necessary to open the channel, i.e. cAMP only increases the open probability of H ϩ -activated channels, rather than directly activating them. This is similar to the ligand modulation observed in eukaryotic HCN channels, where cAMP modulates channels that have been activated by voltage, but differs from CNG channels, which are directly activated by cAMP (7, 8, 46, 47) . Plotting the quench rates as a function of cAMP concentration at pH 4 shows that cAMP enhances the KcsA/MloK1 activity with a K1 ⁄ 2 of ϳ1.2 M (Fig.  3D) , which is an order of magnitude higher (meaning less affin- n ϩ L n )) ϩ 1 from which the following parameters were derived: V max /R 0 ϭ 1.50 Ϯ 0.69, n ϭ 0.98 Ϯ 0.04, and K1 ⁄2 ϭ 1.19 Ϯ 0.49 M, where v is the flux rate; V max is the maximal flux rate; R 0 is the rate in the absence of cAMP; L is the cAMP concentration; K1 ⁄2 is the cAMP concentration at half the maximal flux rate, and n is the Hill coefficient. ity) than the K1 ⁄ 2 previously reported for MloK1 (25) . The Hill coefficient of ϳ1 is consistent with what was previously found for MloK1 (34, 37) .
CNBD of the KcsA/MloK1 Chimera in Detergent Binds cAMP-We have so far established several lines of evidence that show that the KcsA/MloK1 chimera is a good biochemical model for investigating ligand gating in cyclic nucleotide-modulated, HCN-type ion channels. First, the purified protein is stable even at high concentrations in detergent micelles; second, the channel activity can be measured both at the singlechannel level in lipid bilayers and with the ensemble-based fluorescence assay; third, the channel is activated by protons (like KcsA); and finally, the channel activity is increased by cAMP (like MloK1).
Given this, we investigated the energetics of cAMP binding to the KcsA/MloK1 chimera using ITC. Thermodynamic cAMP binding assays on full-length cyclic nucleotide-modulated channels using ITC have not been reported before (cyclic nucleotide binding assays with ITC were performed only on isolated CNBDs (with and without C-linkers); binding assays using a fluorescent cyclic nucleotide analog were performed on purified MloK1). Prior to performing these binding assays, it was necessary to completely remove cAMP from all binding sites, a considerably difficult task. As reported previously for the MloK1 CNBD (24, 34) , dialysis is not sufficient to remove cAMP from these sites. ITC binding assays using dialyzed KcsA/MloK1 chimera in detergent yield a very low (n Ͻ0.1) apparent binding stoichiometry (molecules of cAMP per monomer). Because we expect each CNBD to bind one molecule of cAMP, the stoichiometry should be close to unity. The low stoichiometry suggests that either the CNBD was misfolded or that cAMP (or another ligand) remained bound to it. Indeed, it appears that this is not an issue restricted to prokaryotic channels as ITC studies of the HCN1 CNBD/C-linker demonstrate that the isolated domain also exhibits low stoichiometry for cAMP binding, leading the authors to propose that a subset of the domains retains their bound ligand (48) . To address this problem, we repeatedly incubated the protein with a low affinity cyclic nucleotide analog (8-CPT-cGMP) to remove cAMP, followed by dialysis in ligand-free buffer to fully remove the analog, as described previously for MloK1 (34) . This leads to an increased stoichiometry (n ϭ 0.55), suggesting that the initial low n was due to slow dissociation of cAMP from the CNBD (Fig. 4A and Table 1 ). The measured K D was ϳ2 M, an order of magnitude larger than the dissociation constant previously found for binding of cAMP to the isolated MloK1 CNBD (as measured by ITC) as well as by binding a fluorescent cAMP analog to full-length MloK1 (as measured with fluorescence spectrometry). However, the enthalpy change was ϳ11 kcal/ mol, similar to that observed for the isolated CNBD (Table 1 ) (34) . We discuss the possible reasons for the low apparent affinity below.
Incorporation of KcsA/MloK1 Chimera into Nanodiscs for ITC Assays-We next investigated whether the detergent might account for the reduced stoichiometry of cAMP binding, which could occur by the occlusion of the binding site (49, 50) or by incorrect folding of the CNBD resulting in a non-native conformation of the protein. To measure binding in the absence of detergent, we incorporated the channel into the lipid bilayer of nanodiscs.
Nanodiscs are small, ϳ10 nm diameter, particles formed by two strands of apolipoprotein A1 (apoA1) that surround a lipid bilayer. Membrane proteins can be incorporated into this bilayer, recapitulating the native membrane condition (32) . Nanodiscs provide two advantages over liposomes for these binding assays; there is access to both sides of the membrane, allowing a priori knowledge of the number of binding sites, and the nanodisc preparation is soluble and may thus be used to achieve higher protein concentrations compared with liposomes.
Using the zebrafish apoA1 construct (32) and bilayers composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine lipids, we incorporated the KcsA/MloK1 chimera into nanodiscs using our previously reported protocol for KcsA with minor modifications (33) . Successful channel-containing nanodisc formation was verified by gel filtration and SDS-PAGE analysis (Fig. 5 ) and electron microscopy (Fig. 6 ). As determined by electron microscopy, both the empty and the channel-containing nanodiscs have an average diameter of 11-14 nm (Fig. 6A) . Images of channel-containing nanodiscs show a 4-nm-long density protruding from the discs, as seen in sideview class averages (Fig. 6B) , which is consistent with the tetrameric CNBD arrangement of the chimera. A three-dimensional single-particle reconstruction at 26 Å resolution suggests that the nanodiscs can accommodate a single tetrameric chimeric channel (Fig. 6C) .
CNBD of the KcsA/MloK1 Chimera in Nanodiscs Binds cAMP with High Affinity-The KcsA/MloK1 chimera in nanodiscs exhibits altered cAMP binding characteristics, as compared with the chimera in detergent (Fig. 4) . First, the binding stoichiometry increases from 0.55 in detergent to 0.73 in nanodiscs. Second, the enthalpy change is larger (13 kcal/mol in nanodiscs compared with 11 kcal/mol in detergent), and the apparent affinity is about an order of magnitude higher than in detergent (K D is 0.15 M for nanodiscs, as compared with 2 M in detergent; Table 1 ). Third, although the binding curve for the channel in detergent is well described by a single-site model, ligand binding to the channel in nanodiscs shows an additional component. This additional component, which is observed in every experiment, is evident in the downward tail at very low molar ratios (Fig. 4B) .
We attempted to fit the results in Fig. 4B with a two-site model. Although the first component was mostly unresolved, the fits suggest that n is ϳ0.06 and that the K D is ϳ16 nM. Given the lack of a starting baseline, these estimates have considerable uncertainty (Fig. 4B, legend) . The second binding component is well resolved with n Ϸ 0.67 and K D Ϸ 0.2 M. Reducing the cAMP concentration or altering the temperature in the ITC experiment does not provide an improvement in the resolution of the initial binding event. This additional event does not appear in control ITC experiments in which cAMP is injected into buffer without protein or into buffer containing empty lipid-filled nanodiscs (which do not contain chimeric channel). Additional incubation with the low affinity ligand 8-CPT-cGMP fails to increase the final binding stoichiometry beyond 0.73.
One explanation for this result is that the chimeric channels contain high affinity binding sites (approximately one-fourth of the total sites or one subunit per tetramer) rendering the removal of ligand very difficult. In this case, the cAMP would first bind to the small fraction of available high affinity sites of one CNBD, evident in the binding event in the initial injections in the ITC experiment (Fig. 4B ). Upon saturation of these high affinity sites (or at higher concentrations of cAMP), cAMP would then bind to the low affinity sites of the remaining CNBDs, causing the binding event observed with subsequent injections of cAMP. This scenario is consistent with previously published ITC results for isolated CNBDs with C-linkers from HCN2 and HCN4 channels, which suggest that binding of the first ligand results in a negative cooperativity effect that reduces the binding affinity of the remaining three sites (48) . We cannot exclude the possibility that these initial heats could reflect a systematic effect (such as cAMP-induced minor rearrangement within the protein) that is not associated with the canonical cAMP-binding site. If this were true, it is still possible to fit the binding curve with a one-site model (blue curve in Fig. 4B ). The binding parameters from this fit are very similar to those from the two-site fit (see Fig. 4 legend) , suggesting that 70 -75% of the sites in the channel are functional and bind cAMP with a similar affinity. It would then follow that the remaining 25% of the sites cannot bind cAMP, either because they are improperly folded or they have remained bound to the ligand.
Irrespective of which scenario is more accurate, ϳ75% of the channels are well folded and bind cAMP with high affinity. Thus, incorporation of the channel into nanodiscs allows us to characterize the thermodynamics of ligand binding more completely than was possible with the detergent-solubilized channel. Importantly, when the channels are embedded in a more native environment such as a bilayer (lipid-filled nanodiscs), the CNBDs of the chimeric channel bind cAMP with high affinity (K D Ϸ 150 nM), similar to the 100 nM affinity obtained for the isolated CNBD domains (34) .
DISCUSSION
We have constructed a chimeric channel (KcsA/MloK1), which is composed of the transmembrane domain of KcsA and the cyclic nucleotide-binding domain of MloK1, and verified that it retains key properties of both parent channels. Like KcsA, the chimeric channel is activated by protons. Like MloK1, the activity of the chimera is modulated by cAMP. The chimeric channel, unlike MloK1, does not aggregate at concentrations necessary for ITC and is capable of conducting currents across bilayers. Thus, this chimera is well suited for both electrophysiological and biochemical assays, enabling examination of the thermodynamics of cAMP binding to a cyclic nucleotide-modulated ion channel using ITC, which has not been possible with either MloK1 or CNG/HCN channels.
Comparison between KcsA/MloK1 and the KcsA-CNG (Rhodopseudomonas palustris) Chimeras-A conceptually similar chimeric cAMP-modulated ion channel was reported previously by Ohndorf and MacKinnon (31) . This chimera also contained the pore domain of KcsA, but the CNBD portion was from an R. palustris HCN homolog. Importantly, the R. palustris chimera possesses fewer residues from the KcsA bundle crossing and does not include the two glutamates (Glu-118 and Glu-120) that contribute to H ϩ sensing in KcsA (43) . This likely explains why the R. palustris chimera has larger steady-state open probability and is less sensitive to H ϩ , whereas our KcsA/ MloK1 chimera displays H ϩ -dependent gating similar to that of KcsA. In fact, because our KcsA/MloK1 chimera lacks the entire KcsA C-terminal domain and it is still H ϩ -gated, our results demonstrate that this portion of the protein is not required for pH-induced activation, a result that directly addresses a controversy regarding the location of the pH sensor in KcsA channels (43) (44) (45) .
Addition of saturating concentrations of cAMP produced a similar increase in open probability for both chimeras as follows: about 2-fold for the R. palustris and about 3-fold for the KcsA/MloK1 chimera, but K1 ⁄ 2 for the R. palustris chimera is about 10-fold less than that for the KcsA/MloK1 chimera (90 nM in Fig. 8 of Ref. 31 versus 1 M in our Fig. 3D) . This difference may reflect only the 33.3% shared identity between the CNBDs (residues 219 -355 in M. loti and residues 255-410 in R. palustris) and their different oligomerization states (the isolated R. palustris CNBDs dimerize in solution, whereas the M. loti CNBDs are monomers (24) ).
In addition to demonstrating cAMP modulation using flux assays, we also characterized the KcsA/MloK1 chimera using single-channel electrophysiology. Perfusion of cAMP to the CNBD-containing side of the chimera results in an increase in open probability in ϳ75% of the channels tested, but this increase in open probability did not reverse when cAMP was removed. Neither the observed variability nor the irreversibility can be attributed to uncertainty in channel number and undetected gain of channels in the lipid bilayer during perfusions (51, 52) because we obtained similar results using the noninactivating E71A KcsA chimera (35) . The apparent lack of reversibility could be due to a very slow off-rate of cAMP from the binding site, which is consistent with the difficulties encountered in removing the bound cAMP from any construct containing this CNBD (isolated CNBD, MloK1, and KcsA/MloK1 chimera). Ohndorf and MacKinnon (31) did not comment on the reversibility of the cAMP effect in the R. palustris chimera.
Effect of Lipids on cAMP Binding-Incorporation of the channel into lipid-containing nanodiscs increases the cAMP/ subunit stoichiometry of binding from 0.55 to 0.73, reduces the measured K D 10-fold (from ϳ2 M to ϳ150 nM), and increases the enthalpy change from Ϫ11 to Ϫ13 kcal/mol (Table 1) . Interestingly, because the binding process itself occurs in a domain located outside of the membrane, the observed increase in cAMP binding affinity to lipid-embedded channels relative to detergent-solubilized channels suggests that binding induces a conformational change in the transmembrane portion of the protein, which is in direct contact with lipids. Thus, the nanodisc and detergent environments may favor different conformations of the channel with different cAMP affinities (14) .
This may explain the observed differences in affinity but does not explain the difference in stoichiometry. The detergent might occlude the binding sites, either through direct interactions (49, 50) or by restructuring the protein in such a way as to impact cAMP binding (which can lead to both reduced binding stoichiometry and lower affinity in detergent micelles). Likely, both the removal of detergent and the addition of the lipids contribute to the measured differences. These results demonstrate the importance of the channel's lipid environment for its function, reflecting the energetic coupling between membrane proteins and the lipid bilayer (53) .
cAMP Binding Curve Is Biphasic in Nanodiscs-A surprising but reproducible feature of cAMP binding to the channel in nanodiscs is the suggestion of a second partially resolved binding component with very high cAMP affinity. We could not resolve the entire binding curve, and we cannot exclude that it is unrelated to specific ligand binding events. Yet, given the cAMP/subunit stoichiometry of ϳ0.75, this may mean that a fraction of binding sites (ϳ0.25) has very high cAMP affinity, such that they are likely to have a bound cAMP even in the nominal absence of cAMP. Our results thus suggest that empty CNBD tetramers in the full-length channel have very high affin-ity for cAMP and that binding the first cAMP molecule to a subunit in the tetramer decreases the cAMP affinity for the remaining three binding sites (corresponding to the 75% of the sites that we observe in the ITC experiments). If so, it would imply negative cooperativity in cAMP binding to MloK1.
Negative binding cooperativity has previously been suggested for full-length CNG and HCN eukaryotic channels based on patch clamp fluorometry experiments (11) (12) (13) (14) . Similarly, binding curves for cAMP to the isolated CNBDs of both HCN2 and HCN4 suggest negative cooperativity, with the first cAMP molecule binding with a 10-fold higher affinity than the subsequent molecules (48) . Of particular interest to our studies is the report that ITC measurements performed on isolated CNBD/ C-linkers from HCN1 channels yield a subunitary stoichiometry, leading the authors to hypothesize that a fraction of the cAMP-binding sites have constitutively bound cAMP (48) , which is very similar to what we found for the chimera. In fact, because the experiments with the chimera were performed with the full-length channel rather than the isolated CNBDs, our results suggest that the findings of Chow et al. (48) may extend to the full-length HCN1 channel.
Previous measurements of cyclic nucleotide binding to the isolated CNBD of MloK1 revealed only a single population of noninteracting binding sites, with a stoichiometry close to 1; similarly, cyclic nucleotide binding to the full-length MloK1, using a fluorescent cAMP analog, revealed only a single binding affinity (34) . The latter measurements were performed with detergent-solubilized protein, however, which may have obscured a high affinity component (cf. Fig. 4A ). Moreover, although the equilibrium binding curve was consistent with a single population of binding sites, kinetic studies revealed two distinct values for the dissociation rate constant (0.07 and 0.47 s Ϫ1 ) (54), indicating two different classes of binding sites.
Apparent Affinities for cAMP Differ among Constructs and Assays-The cAMP equilibrium dissociation constant for the KcsA/MloK1 chimera in lipid bilayers/nanodiscs (ϳ150 nM) agrees well with that obtained for the isolated CNBD of MloK1 (107 nM) and for full-length MloK1 (82 nM using a fluorescent cAMP analog) (34) . However, although our flux assays demonstrate an increase in KcsA/MloK1 chimeric activity in response to cAMP, the cAMP concentration for half-maximal activation was about 10-fold higher (ϳ1 M) than the equilibrium dissociation constant for the chimera (150 nM) or the concentration for half-maximal activation that was observed previously for MloK1 (60 nM) (24, 25) . This result differs from previous studies on MloK1 that found K1 ⁄ 2 and K D to be of the same order of magnitude, thus indicating that MloK1 could be significantly activated in partially liganded states (34); however, our results ( Fig. 3) suggest that the chimeric channel activation occurs only after the full complement of cAMP has bound, perhaps reflecting the lack of voltage sensors in the chimera, which could compromise the coupling between CNBDs and channel gate.
KcsA/MloK1 Chimera, a Model for HCN Channel Gating-The dual modulation of the chimeric channel by protons and cAMP is reminiscent of the dual modulation of HCN channels by hyperpolarization and cAMP (2) . Both HCN channels and the chimeric channels require a "strong" stimulus (hyperpolarization and proton binding, respectively) to open. Once the channels have been activated, however, their activity can be further modulated by cAMP. cAMP binding by itself therefore does not seem to provide sufficient energy to open either channel, meaning that the cAMP affinity cannot be highly state-dependent. Rather, cAMP binding to the CNBDs appears to cause local conformational changes that trigger further motion within the transmembrane domains to moderately increase the open probability of already active channels. This dual modulation of HCN channels may have evolved to enable stringent regulation of gating due to their importance in the heart and central nervous system. Furthermore, the chimera may exhibit negative cooperativity in cAMP binding, which was previously observed for the CNBDs of HCN channels. Therefore, by extension, the mechanistic details regarding binding may be consistent between isolated CNBDs with C-linkers and full-length HCN channels.
Conclusions-We constructed a KcsA/MloK1 chimeric channel that preserves the functional properties of both parent channels, thus allowing for investigations into how ligand binding modulates the gate of an ion channel in the context of a homogeneous, heterologously expressed protein, which is amenable to both binding and functional studies in a controlled environment. The channel's lipid environment is critical for cAMP binding even though the ligand-binding domain is located outside the membrane, indicating that the conformation of the transmembrane domains is different in micelles and lipid bilayers and that the transmembrane domains undergo conformational changes upon cAMP binding. These conformational changes, however, are not sufficiently large to open the channel, suggesting that the energetic contribution from cAMP binding is small relative to that from proton binding. This chimeric ion channel is ideal for examining the complex effects of two allosteric modulators, because the channel possesses both the proton gating machinery of KcsA and the cAMP modulation of MloK1 channels, making it a powerful tool for exploring the dual regulation observed in HCN channels.
